To assess possible contribution of Foxe1 to thyroid carcinogenesis, transgenic mice overexpressing 47 Foxe1 in their thyroids under thyroglobulin promoter (Tg-Foxe1) were generated. Additionally, Tg-48 Foxe1 mice were exposed to X-rays at the age of 5 weeks or crossed with Pten +/-mice to examine the 49 combined effect of Foxe1 overexpression with radiation or activated PI3K-Akt pathway, respectively. 50
Foxe1 in their thyroids under thyroglobulin promoter (Tg-Foxe1) were generated. Additionally, Tg-48 Foxe1 mice were exposed to X-rays at the age of 5 weeks or crossed with Pten +/-mice to examine the 49 combined effect of Foxe1 overexpression with radiation or activated PI3K-Akt pathway, respectively. 50
In 5-8 weeks old Tg-Foxe1 mice, severe hypothyroidism was observed, and mouse thyroids exhibited 51 hypoplasia of the parenchyma. Adult 48-week-old mice were almost recovered from hypothyroidism, 52 their thyroids were enlarged and featured colloid microcysts and multiple benign nodules of 53 macrofollicular-papilloid growth pattern, but no malignancy was found. Exposure of transgenic mice 54 to 1 Gy or 8 Gy of X-rays and Pten haploinsufficiency promoted hyperplastic nodule formation also 55 without carcinogenic effect. These results indicate that Foxe1 overexpression is not directly involved 56 in the development of thyroid cancer, and that proper Foxe1 dosage is essential for achieving normal
Immunohistochemistry (IHC) 160
Formalin-fixed paraffin-embedded (FFPE) 4 m serial sections were deparaffinized and 161 subjected to antigen retrieval in a microwave in Tris-EDTA buffer, pH 9.0 at 95°C for 25 min (for 162 Foxe1 antigen unmasking) or in citrate buffer, pH 6.0 at 95°C for 25 min (for Ttf-1, Thyroglobulin, 163
Calcitonin and Ki-67 antigens unmasking). Blocking reagent (Dako, Denmark) was applied at room 164 temperature (RT) for 1 hr. After blocking, the sections were incubated with primary antibodies diluted 165 in Antibody Diluent (Dako, Denmark) solution: rabbit anti-TTF1 (1:750; Biopat, Italy), rabbit anti-166 TTF2 (1:750; Biopat, Italy), rabbit anti-Thyroglobulin (1:1000; Dako, Denmark), rat anti-Ki67 167
(1:100; Dako, Denmark), rabbit anti-PTEN (1:400; Abcam, UK) and anti-Calcitonin (prediluted; 168 Dako, USA) overnight at 4°C. After washing, HRP-conjugated secondary antibodies anti-Rabbit 169
(1:100, Dako, Denmark) or anti-Rat (1:100, Dako, Denmark) were applied for 1 hour at RT. Detailed 170 information about antibodies used in this study is presented in Supplemental Table 1 . Visualization 171 was performed with DAB Enhanced Liquid Substrate System tetrahydrocloride (Sigma, USA). Nuclei 172 were counterstained with hematoxylin. 173
The intensity score of nuclear Foxe1 staining was categorized as negative (0), weak (1), mild 174 (2) or strong (3). The proportion score was determined as a percentage of positively stained nuclei of 175 thyroid epithelial cells within the intensity category. The total Foxe1 immunohistochemistry score 176 (IHC-score) was calculated as a sum of products of staining intensity scores and corresponding 177 proportion scores. Ki-67 labeling index was calculated as a percentage of positively stained nuclei of 178 thyroid epithelial cells. At least 1000 thyroid epithelial cells were counted in 5 random fields at ×400 179 magnification for evaluation of the Foxe1 IHC-score and Ki-67 labeling index. 180 181
Dual-labeled immunofluorescence analysis 182
Formalin-fixed paraffin-embedded (FFPE) 4 m sections were deparaffinized and subjected 183 to antigen retrieval in a microwave in Tris-EDTA buffer, pH 9.0 at 95°C for 20 min. Sections were9 blocked for 1 hour in 5% BSA in PBS, and incubated with primary antibodies diluted in 5% skim 185 milk in TBST: rabbit anti-TTF2 (1:250; Biopat, Italy) and rat anti-Ki67 (1:50; Dako, Denmark) 186 overnight at 4°C. Sections were then incubated with 4', 6-diamidino-2-phenolindole (1:1000; DAPI; 187 Dojindo, Japan) and secondary antibodies diluted in 5% skim milk in TBST: anti-rabbit Alexa Fluor 188 546 and anti-rat Alexa Fluor 647 (1:1000, Invitrogen, USA) for 1 hour at RT. Stained slides were 189 imaged using a BZ-9000 microscope (Keyence, Osaka, Japan) and were recorded with a BZ-II 190 analysis application (Keyence). Exposition time for 450 nm, 546 nm and 647 signals were optimized 191 to obtain the widest dynamic range of recorded fluorescence intensity. 192
193

Quantitative real-time reverse transcription-PCR (qRT-PCR) 194
Total RNA was extracted from homogenized fresh-frozen thyroid tissues with ISOGEN 195 reagent (Nippon Gene, Tokyo, Japan). Two hundred nanograms of total RNA were transcribed with 196 ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Japan). Quantitative PCR was 197 carried out in a Thermal Cycler Dice Real-time system (Takara Bio Inc., Otsu, Shiga, Japan) using 198 SYBR Premix Ex Taq II reagent (Takara Bio Inc., Otsu, Shiga, Japan). The profile of thermal cycle 199 was as follows: 95ºC for 2 min, 40 cycles of 95ºC for 5 sec and 60ºC for 30 sec, followed by 200 dissociation curve analysis for all primer pairs. The average of the relative quantity of replicates was 201 calculated with Q-Gene software (27) using Actb (-actin) 
Results
218
Generation of Tg-Foxe1 mice 219
For thyroid-specific overexpression of Foxe1, a 3.4 kb genetic construct combining the 220 bovine thyroglobulin promoter, the murine Foxe1 and the SV-40 polyadenylation signal was created 221 ( Figure 1A ). Two independent founder lines bearing 12 (line A) and 2 (line B) copies of the transgene 222 were established. Both lines developed similar thyroid phenotype within 48 weeks of life span 223 (Supplemental Figure 1A) . Transgenic Foxe1 expression was verified by qRT-PCR with transgene-224 specific primers (Supplemental Figure 1B) . The line A bearing a greater number of transgene copies 225 was chosen for the detailed investigation. 226
qRT-PCR assessment of transgenic Foxe1 expression demonstrated its age-dependent decline 227 ( Figure 1B ). Total Foxe1 expression (i.e., endogenous and transgenic Foxe1 combined) did not 228 change with age in wild-type (WT) mice but was decreasing in Tg-Foxe1 animals ( Figure 1C ). By the 229 age of 48 weeks no difference in total Foxe1 expression was observed between transgenic and WT 230 animals. The decrease in total Foxe1 expression in Tg-Foxe1 mice with age is thus likely to be fully 231 attributed to the decline in the expression of the Foxe1 transgene. 232
Foxe1 overexpression in the thyroids of Tg-Foxe1 mice was confirmed by IHC ( Figure 1D ). 233
The proportion of cells showing the highest score (3, "strong") of immunoreactivity to Foxe1 234 remained significantly higher in Tg-Foxe1 mice compared to WT at all age groups ( Figure 1E ), but 235 the drastic difference at 5-8 weeks declined at 24-48 weeks. Similar observations were made for the 236 total Foxe1 IHC score ( Figure 1F ). The results of IHC corresponded well with qRT-PCR data. 237
238
Systemic characterization of the Tg-Foxe1 mice 239
No obvious differences between newborn Tg-Foxe1 mice and their WT siblings were 240 observed. However, the signs of growth retardation became apparent 2-3 weeks after birth. The Tg-241 Foxe1 mice exhibited cretinous body habitus ( Figure 2A ) and significantly lower body weight in both 242 males and females until the age of 8 weeks ( Figure 2B ). The thyroid weights of 5-and 8-week-old Tg-243 Foxe1 mice were comparable to those of WT mice, but became significantly greater at 24 and 48 244 weeks ( Figure 2C ). The thyroid-weight-to-body-weight ratio was significantly higher in Tg-Foxe1 245 than in WT mice at 8, 24 and 48 weeks, but not at 5 weeks ( Figure 2D ). Gross anatomy of transgenic 246 animals was normal except thyroid. As representatively shown for the 48-week-old mice ( Figure 2E ), 247
Tg-Foxe1 animals had enlarged thyroids with irregular surface and visible nodules. 248
Taking into consideration the essential role of Foxe1 in thyroid primordium migration and 249 TFC precursors survival, mouse embryos were examined histologically. Thyroid bud formation and 250 migration of TFC precursors towards the front neck area was not altered. The thyroid reached its 251 conventional position at E14.5. The appearance of isolated TFC highly positive for Foxe1 in E14.5 252 transgenic mice (Supplemental Figure 2A ) coincided with the onset of thyroglobulin expression (29) . 253 The ultimobranchial bodies were successfully enclosed by thyroid tissue. As a result, widely 254 disseminated calcitonin-positive cells were detected in the thyroids of postnatal transgenic animals 255 (Supplemental Figure 2B) . 256 257
Tg-Foxe1 mice developed hypothyroidism 258
Because of the pronounced growth retardation in transgenic mice, serum TSH, FT4 and FT3 259 were measured. TSH levels were significantly elevated and FT4 diminished in 5 and 8 weeks old Tg-260 Foxe1 mice (Figure 3 ). Despite there was no difference in TSH levels between Tg-Foxe1 and WT 261 mice in 24-48-week-old animals, serum FT4 was gradually increased but not fully recovered. We also 262 measured serum FT3 in Tg-Foxe1 and WT mice, and surprisingly they were not different in all age 263 group ( Figure 3 ). We therefore examined the expression of Dio1 (type I deiodinase) and Dio2 (type II 264 deiodinase) in the extracted thyroid lobes. Both Dio1 and Dio2 expression in Tg-Foxe1 mice were 265 robustly up-regulated in young animals and then declined but still remained higher than in WT mice 266 even at the older age (Supplemental Figure 3) , which may be the reason for imbalance between FT4 267 and FT3. 268
We also measured transcriptional levels of thyroid-specific genes Slc5a5 (Nis, sodium/iodide 269 symporter), Tpo (thyroid peroxidase), Duox2 (dual oxidase 2) and Slc26a4 (Pds, Pendrin), which 270 could be regulated by Foxe1 and are involved in thyroid hormone biosynthesis. Compared to WT 271 mice, all except Duox2 were age-dependently up-regulated, presumably due to corresponding Foxe1 272 overexpression, but none was suppressed (Supplemental Figure 3) . Therefore, hypothyroidism in 273 young Tg-Foxe1 mice was not caused by the disruption of thyroid hormone biosynthesis and was 274 mainly due to thyroid hypoplasia (see histological description below). On the whole, our observations 275 indicate that Tg-Foxe1 mice exhibited severe hypothyroidism in young age and a gradual recovery 276 until 48 weeks. Figures 4A and B) . In some 287 animals, BAT occupied more than 40% of the thyroid volume (Supplemental Figure 4C) . In Tg-Foxe1 288 mice, thyroid follicles were predominantly filled with pale colloid; some follicles contained 289 heterogeneous, foamed or depleted colloid ( Figure 4B, b) . hyperchromatic/bizarre nuclei were also revealed. 296
Functional differentiation of thyroid follicular cells was confirmed by IHC for thyroglobulin, 297
Ttf-1 and Foxe1 ( Figure 5A ). Interestingly, some thyrocytes in transgenic animals showed stronger 298 cytoplasmic thyroglobulin staining than in control mice. The intensity and proportion of Ttf-1 staining 299 was similar between Tg-Foxe1 and WT littermates. The intensity of Foxe1 immunoreactivity was 300 heterogeneous in thyrocytes in both transgenic and WT mice. Nevertheless, the total Foxe1 IHC-score 301 was significantly higher in 5-8 weeks old transgenic mice in comparison to WT animals (see also 302 Figure 1F ). Small immature follicles contained thyrocytes with the highest intensity of Foxe1 staining 303 were commonly seen ( Figure 5A , arrow in the Foxe1 panel), while in mature follicles and areas of 304 focal hyperplasia such cells were less frequent. 305
In transgenic mice, tall cuboidal and columnar thyrocytes had eosinophilic cytoplasm likely 306 due to a high level of TSH stimulation. Concordantly, a proliferative index estimated by Ki-67 IHC 307 ( Figure 5B) was significantly higher as compared to that in WT animals both in 5-8-week old males 308 and females ( Figure 6A ). Histologically, the high level of follicular cell proliferation activity was 309 14 represented by numerous papilloid structures inside follicular lumens and initial signs of hyperplastic 310 nodule formation (as was demonstrated in Figures 4A and B) . Interestingly, Ki-67-positive follicular 311 cells had moderate to low levels of Foxe1 ( Figure 5C ), strongly suggesting that cells overexpressing 312
Foxe1 were unlikely to be involved in the active proliferation upon TSH stimulation. 313
314
Histological features of the thyroid in mature/adult (24-48 weeks old) mice 315
The thyroids of WT mice at 24-48 weeks displayed normo-macrofollicular structure with 316 normal age-associated histopathological changes. In transgenic mice, from the age of 24 weeks, 317 hyperplastic areas of diffuse macrofollicular structure and hyperplastic micronodules were observed. 318
The number of cells with nuclear pleomorphism and hyperchromatosis were drastically decreased in 319
adult Tg-Foxe1 mice in comparison to 5-8-week-old ones. Marked accumulation of the colloid 320 resulted in dilatation of follicles and formation of colloid microcysts. (Figure 4C and D) . Gradual 321 decrease of BAT content was also noted (Supplemental Figure 4C) . 322
At 24-48 weeks, follicular epithelium of WT mice was predominantly cuboid and, to a less 323 extent, flattened. In Tg-Foxe1 mice, macrofollicular thyroid structures contained somewhat flattened 324 cuboid or fully flattened cells ( Figure 4D, a) . At the age of 48 weeks, well-formed hyperplastic, 325 predominantly macrofollicular-papilloid micronodules in transgenic mice were seen ( Figure 4D) . 326
Enlarged follicles contained papilloid projections of cuboid or columnar eosinophilic cells with 327 pleomorphic nuclei ( Figure 4D, b) . Hyperplastic papilloid micronodules in Tg-Foxe1 mice did not 328
show any specific features of papillary thyroid carcinoma such as capsular/lymphovascular invasion 329 or nuclear grooves, pseudo-inclusions and optical clearing. Small hyperplastic follicles protruding into 330 the lumen of larger follicles, so called Sanderson's pollsters, were also found. 331
At the age of 24-48 weeks, transgenic mice, both males and females, showed lower Ki-67 332 labeling indexes compared to 5-8 weeks old mice. Nevertheless, it remained significantly higher as 333 compared to that in WT animals ( Figure 6 ). Thus, by the age of 48 weeks Tg-Foxe1 mice did not 334 develop thyroid cancer, but the gland was affected by a diffuse macrofollicular hyperplastic process 335 with multiple macro-normo-papilloid hyperplastic micronodules and colloid microcysts. 336 337
Effect of X-ray exposure 338
Irradiation of thyroids of WT mice with 1 Gy or 8 Gy of X-rays at the age of 5 weeks resulted 339 in prominently flattened follicular epithelium and dilatation of the follicular lumen at the age of 48 340 weeks in comparison to non-exposed mice ( Figure 7A ). Exposure of Tg-Foxe1 mice significantly 341 promoted hyperplastic micronodule formation ( Figure 7B ). After exposure to 1Gy, well-formed 342 hyperplastic micronodules were found from 8 weeks of age, and from 24 weeks after 8 Gy. Despite 343 the delay in micronodule formation (as compared to 1 Gy exposure), a significantly higher frequency 344 of micronodules was observed in the latter group at 48 weeks of age (p<0.01). Histopathological 345 features of thyroid micronodules in exposed Tg-Foxe1 animals were similar to those in unexposed 346 transgenic mice of the same age. Thus, exposure of Foxe1-overexpressing animals to ionizing 347 radiation stimulated the formation of hyperplastic nodules in a dose-related manner without 348 carcinogenic effect. 
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Shibusawa Because of limitations in the in-house produced reagent availability and small sample volumes, 583 statistical analysis of raw TSH, FT4 and FT3 concentrations in separate subgroups of male and female 584 animals was impeded. We therefore determined the normal ranges of relative sex-specific TSH and 585 FT4 levels as intervals between the first (Q1) and the third (Q3) quartiles calculated from the 586 integrated data across all age groups of WT mice (distributions between which did not differ 587 significantly, p>0.05, Kruskal-Wallis test). The defined normal ranges of relative TSH level in WT 588 mice were 0.85-1.06 ng/ml (n=15) and 0.52-0.78 ng/ml (n=14) for males and females, respectively; 589 0.70-0.92 ng/dL (n=17) and 0.63-1.02 ng/dL (n=16) for FT4; and 1.16-1.38 pg/mL (n=23) and 1.18-590 1.35 pg/mL (n=24) for FT3. Then each raw value was categorized as diminished (<Q1), normal (Q1-591 Q3) or elevated (>Q3) for either TSH, FT4 or FT3. This approach allowed merging data for two sexes 592 to increase statistical power. Differences between WT (n=6-11 mice/group) and Tg-Foxe1 (n=6-11 593 mice/group) animals were evaluated using the 3x2 Fisher's exact test extension. 594 of different age by X-ray dose. Differences between unexposed (n=14-28 mice/group), and exposed 621 to 1 Gy (n=12-14 mice/group) or 8 Gy (n=13-14 mice/group) of X-rays mice were evaluated using 622
